In this study, a quinoline-thiourea conjugate (1-phenyl-3-(quinoline-8-yl) thiourea, PQT) was synthesized and used as a fluorescence sensor to detect mercury ion. The observation is coincident with the well-documented phenomenon that a thiocarbonyl-containing group on a fluorochrome quenches the fluorescence due to the heavy atom effect of the S atom. The large fluorescence enhancement of PQT in the buffered MeCN-water mixture (1/1 v/v; HEPES 100 mM; pH 8.0) was caused by the Hg 2+ induced transformation of the thiourea function into a urea group. As such, protic solvents can be ascribed to hydrogen bond formation on the carbonyl oxygen to reduce the internal conversion rate. The fluorescence intensity of PQT was enhanced quantitatively with an increase in the concentration of mercury ion. The limit of detection of Hg 2+ was 7.5 nM. The coexistence of other metal ions with mercury had no obvious influence on the detection of mercury. A quinolone-thiourea conjugate was used as a fluorescent probe to detect Hg 2+ in aquatic plants and the experimental results were satisfactory.
Introduction
Today, aquatic food is an important component of the human diet. Besides being a good source of minerals (phosphorus, iron, zinc, and potassium), vitamins (A, B6, and B12) and proteins, aquatic food products are low in saturated fat and rich in unsaturated fat. 1 However, aquatic food contamination is frequently a subject of public debate and concern. This possible hazard is closely related to the fact that aquatic ecosystems act as the ultimate repository for all classes of contaminants. 2 Mercury, a ubiquitous metal in water systems with both natural and anthropogenic sources, deserves special scrutiny due to its high toxicity. Mercury can be transferred from aquatic plants to aquatic food webs. 3, 4 Therefore, the determination of mercury in aquatic plants is very important.
Many techniques such as atomic absorption/emission spectroscopy, [5] [6] [7] [8] [9] [10] [11] inductively coupled plasma mass spectrometry (ICP-MS) 12 and electrochemical methods 13, 14 have been used to detect Hg 2+ in environmental samples. Nevertheless, they require expensive and sophisticated instrumentation. 15, 16 In recent years, many efforts have been made to design various specialty chemosensors for Hg 2+ ion detection. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] A very attractive approach focuses on the research of fluorescent Hg 2+ ion sensors, [33] [34] [35] [36] [37] [38] [39] [40] which is highly effective for discriminating the presence of a target over the spectrally complex background inherent in real-world samples. Fluorescent probes for Hg 2+ have been designed based on a reversible or irreversible fluorescence reaction. Although receptor-type probes are useful for reversible detection of Hg 2+ , dissociation constants (Kd) toward Hg 2+ are determinant for their working concentration ranges, and this point is likely to limit their general and practical use. 41 Thus, it is accepted that the detection of Hg 2+ at ppb levels with high selectivity can be achieved by fluorescent probes based on irreversible fluorescence reactions rather than receptor-type probes. [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] For the design of the irreversible fluorescent probes for Hg 2+ detection, oxymercuration reaction has been recently explored. 56, 57 The design principle is quite interesting, but the technique requires high temperatures or long reaction times, especially for detecting Hg 2+ at ppb levels. Although it is challenging to propose a totally new irreversible reaction such as oxymercuration, it seems difficult to find a more useful irreversible reaction than desulfurization, which has dominated as the most reliable irreversible reaction for the design of a fluorescent probe for Hg 2+ detection. On the design principle by recourse of desulfurization, thiourea has played the most important role among thiocarbonyl containing groups. [58] [59] [60] [61] [62] [63] [64] [65] Herein, we have synthesized a quinolone-thiourea conjugate (1-phenyl-3-(quinoline-8-yl) thiourea, PQT) 66, 67 for desulfurization by Hg
2+
. The fluorescent probe has high sensitivity and selectivity for Hg 2+ over other metal ions. We detected mercury in aquatic plants using the quinolone-thiourea conjugate as a fluorescent probe. In this study, an experimental approach based on incubation in indoor microcosms was tested to investigate the possible accumulation effect of the presence of mercury on aquatic plants in constructed freshwater ecosystems.
Experimental

Reagents and chemicals
Dichloromethane, acetonitrile and acetic ether were purchased from Tianjin Tiantai Fine Chemical Co., Ltd. (Tianjin, China).
A supply of 8-aminoquinoline was purchased from Matrix Scientific (Columbia, SC). Phenyl isothiocyanate was purchased from Acros Organics (Fair Lawn, NJ). Hg(NO3)2·1/2 H2O was purchased from Taixing Chemical Co., Ltd. (Nanjing, China). EDTA was purchased from Beijing Chemical Works (Beijing, China).
HEPES was purchased from Beijing Dingguo Changsheng Biotechnology Co., Ltd. (Beijing, China). Twicedistilled water was used throughout all experiments. Thin layer chromatography (TLC) was carried out using silica gel 60 F254, and column chromatography was conducted over silica gel (300 -400 mesh), both of which were obtained from the Qingdao Ocean Chemicals (Qingdao, China). All metal ion solutions were diluted from stock solutions.
Apparatus
The structures of compounds were identified by 1 H NMR and 13 C NMR (Varian Mercury 300 NMR spectrometer), using TMS as an internal standard. Chemical shifts (δ) are given in parts per million and coupling constants are given as absolute values expressed in hertz. High resolution mass spectra were measured with the Agilent 1290-micro TOF Q II mass spectrometer. Other mass spectra were measured with the Appied Biosystems api2000 Q-trap mass spectrometer. All fluorescence intensity and spectra were obtained using an RF-5301PC spectro fluorometer (Shimadzu, Japan) with excitation slit set at 5.0 nm and emission at 5.0 nm. The pH measurements were carried out on a Sartorius PB-10 pH meter.
Synthesis of PQT
A solution of phenyl isothiocyanate (1.35 g, 10 mM) and 8-aminoquinoline (1.29 g, 10 mM) in CH2Cl2 (30 mL) was stirred at room temperature for 48 h. The white crystals were precipitated in the solvent. The crystals were filtered out then washed with CH2Cl2. The reaction product was dried. The yield was 39% (Scheme 1 
Preparation of 1-phenyl-3-(quinolin-8-yl) urea (PQU)
PQT (0.128 g, 0.46 mM) and Hg (NO3)2·1/2H2O (0.162 g, 0.5 mM) in acetonitrile (15 mL) were stirred at room temperature for 60 min. The red HgS was precipitated in the solution then the red precipitate was filtered out. The filtrate was concentrated in vacuo and then purified by flash column chromatography using dichloromethane and ethyl acetate (2:1, v/v) as eluent to provide PQU as a white solid. 
Digestion procedure of the aquatic plant
The aquatic plants were triple-rinsed in deionized water, then oven-dried at 80 C to a constant weight. The sample was then reduced to a fineground. About 0.5 g of the sample was weighed into a dry, clean round-bottom flask. Next, 6 mL of HCl and 2 mL of HNO3 were added and the mixture was heated with a heating jacket. The temperature was gradually increased until heavy evolution of fumes ceased. If carbonization appeared, the vessel was removed from the hot plate, cooled and about 1 mL of HNO3 was added. The mixture was then heated again until complete digestion was achieved. The final residue was diluted to 10 mL with double deionized water.
Results and Discussion
Fluorescence property of PQT
In a pH 8.0 HEPES buffer (100 mM) containing 50% MeCN, fluorescence excitation and emission spectra of PQT were recorded and the results are shown in Fig. 1(A) . The compound PQT exhibited weak fluorescence; the fluorescence emission peak was at 406 nm with an excitation wavelength of 309 nm. This observation is coincident with the well-documented phenomenon that a thiocarbonyl-containing group on a fluorochrome quenches the fluorescence due to the heavy atom effect of the S atom. [65] [66] [67] [68] To our surprise, it was interesting to find that Hg 2+ had an effect on the fluorescence emission of PQT. PQT also gave a shorter response time with Hg 2+ , and the enhanced response time 69 ,70 was 2.5 s. Within 2 min, the fluorescence intensity of PQT after the addition of Hg 2+ reached a constant value, which was about 10 times larger than the blank intensity (Fig. S9, Supporting Information) . Mercury ion induced transformation of the thiourea function into a urea group of PQT is as depicted in Fig. 1(B) . In the present case, the conversion was effective, occurring exclusively with Hg 2+ ions in the HEPES buffer. The product of the reaction of PQT with Hg 2+ was isolated, and identified as PQU.
Effect of water content on the fluorescence response of PQT
The fluorescence measurements of PQU pure acetonitrile solution were taken every 10 min for 60 min; there was no change in the fluorescence characteristics. However, an unexpectedly dramatic enhancement of PQU fluorescence emission was observed when 0.1 M HEPES (pH = 8.0) was added to the solution of PQU in acetonitrile. A substantial red shift was also observed in the PQU fluorescence emission, from 357 to 406 nm (Fig. S10, Supporting Information) . The remarkable fluorescence enhancement induced by protic solvents can be ascribed to hydrogen bond formation on the carbonyl oxygen of PQU; in polar protic solvents, the S1 (π, π*) state is subject to solvent stabilization, whereas the S2 (n, π*) state is destabilized by hydrogen bonding interactions with protic solvents, increasing the S1-S2 energy gap and thus reducing the internal conversion rate. 71 In this part, the effects of water content on the fluorescence response of PQT to Hg 2+ were investigated. Experimental results are shown in Fig. 2 . The fluorescence (excited at 309 nm) characteristic of PQT showed no obvious change in the water content range from 10 to 70%. However, in the presence of the Hg 2+ ion, there was a remarkable fluorescence enhancement of PQT under the water content from10 to 50%. From 50 to 70%, the fluorescence change of PQT was unconspicuous. The white crystals were precipitated in the solvent when the water content was 80%. Therefore, the water content of 50% was chosen as an optimum experimental condition.
Effect of pH on the fluorescence response of PQT
The effect of different pH levels of the PQT solution on sensing Hg 2+ was also explored. As depicted in Fig. 3 , the fluorescence intensity (excited at 309 nm) of PQT did not show significant change in the pH range from 1.0 to 13.0. However, in the presence of Hg
2+
, there was an obvious fluorescence off-on change of PQT with different fluorescence enhancement efficiency in the pH range from 2.0 to 6.0. The fluorescence intensity reached the maximum at pH 6.0 and remained almost constant until pH 10.0, as shown in Fig. 3 . Therefore, pH 8.0 was chosen as the optimum experimental condition.
Interference of large amount of common anions in Hg
2+ determination
An important feature of the sensor is its high selectivity toward mercury ions over other competitive species. The interference of a number of common anions for the detection of Hg 2+ with PQT was carried out with excitation fixed at 309 nm and emission at 406 nm. No significant fluorescence intensity changes were observed with common interference anions, such as NO3 -, Cl -, CO3 2- , F -, SO4 2-, SCN -and Ac -. In the competition experiments, the same concentration of the above-mentioned anions (10 μM) were added to 10 μM of Hg 2+ in a buffered MeCN-water mixture (1/1 v/v; HEPES 100 mM; pH 8.0), and the fluorescence response of the chemosensor was detected and then compared with that of buffered MeCN-water mixture (1/1 v/v; HEPES 100 mM; pH 8.0) containing only 10 μM of Hg 2+ (Fig. S11, Supporting Information) . These experimental results showed that the response of the sensor to Hg 2+ was unaffected by the presence of the other potentially contaminating anions.
Selectively of PQT for Hg
2+
In addition, the interference of common metal ions for the detection of Hg 2+ with PQT was carried out with excitation fixed at 309 nm and emission at 406 nm. Figure 4 (the gray bar portion) illustrates the fluorescence response of PQT to different metal ions of interest; no significant fluorescence intensity changes were observed with common interferences such as alkali, alkaline earth, and transitional metal ions, indicating that other metal ions did not induce transformation of the thiourea function of PQT into a urea group and our proposed sensor exhibits high selectivity to Hg 2+ over other metal ions. To test practical applicability of our fluorescence chemosensor for Hg 2+ , competition experiments were also carried out. The same concentration of the above-mentioned metal ions (10 μM) were added to 10 μM of Hg 2+ in a buffered MeCN-water mixture (1/1 v/v; HEPES 100 mM; pH 8.0), and the fluorescence response of the chemosensor was detected and then compared with that of buffered MeCN-water mixture (1/1 v/v; HEPES 100 mM; pH 8.0) containing only 10 μM of Hg
. The results are also shown in Fig. 4 (the red bar portion) . Figure 4 shows that Ba 2+ , Be
, Ca 2+ and Li + have a fluorescence quenching effect of 10% and Cu 2+ has an interference quenching effect of 20%. The indicates that these metal ions form a complex with PQT. When the fluorescence response of PQT for Hg 2+ was detected with these coexisting ions, these ions would consume a certain concentration of PQT. So, the fluorescence response of PQT to Hg 2+ with these coexisting ions is lower than PQT containing only Hg 2+ . In this part, EDTA was chosen as a masking agent to eliminate the interference of these ions. The effect of EDTA content on the fluorescence response of PQT to Hg 2+ was investigated. The fluorescence characteristic of PQT showed no obvious change with the addition of EDTA content ranging from 1 to 30 equiv. of Hg
. The fluorescence quenching effect of PQT to Hg 2+ was less than 15% with EDTA content range from 40 to 100 equiv. (Fig. S13, Supporting Information (Fig. S14, Supporting Information) .
These experimental results showed that the response of the sensor to Hg 2+ was unaffected by the presence of the other potentially contaminating metal ions. These results implied that the selectivity of PQT toward Hg 2+ was remarkable, suggesting PQT is a viable selective chromogenic sensor for Hg 2+ .
Fluorescence response of PQT to Hg
2+
Under conditions of pH 8.0 HEPES buffer (100 mM) containing 50% MECN and with the excitation and emission slits set to a 5-nm band-pass, we observed that the fluorescence response of PQT increased upon increasing the Hg 2+ concentration over the range of 1 -40 μM (Fig. S15A , Supporting Information). As shown in the inset of Fig. S15A , we found that the fluorescence intensity of PQT increased with an increase of the concentration of Hg 2+ from 1 to 10 μM. When the concentration of Hg 2+ exceeded 10 μM, the fluorescence intensity of PQT showed no apparent change. After the slits were set to 10 nm for both excitation and emission, the fluorescence spectra of PQT with Hg 2+ concentration from 0 to 900 nM was measured (Fig. S15B , Supporting Information). The inset of Fig. S15B shows the line curve of fluorescence intensity of PQT titrated with Hg 2+ concentration. The limit of detection of PQT to Hg 2+ was 7.5 nM. Thus, our present approach provides a highly sensitive fluorescence probe for detecting Hg 2+ in the water or biological samples.
Detection of Hg
2+ in aquatic plants The practical application of the designed chemosensor was evaluated by using it to detect Hg 2+ in four kinds of aquatic plants. Aquatic plants were put in a glass culture cylinder measuring in 16 cm of diameter with 4 L of deionized water with 800 μM Hg 2+ . After a week, the aquatic plants were rinsed in deionized water, and dried at 80 C to a constant weight. The samples (0.5 g) were wet digested and diluted to 10 mL with double deionized water. In order to reduce the pH influence in the detection, 4 mL of HEPES buffered water/MeCN containing PQT was added to 1 mL of the sample to keep the pH value at 8.0, and then its fluorescence intensity change was measured. The Hg concentrations of the samples were determined by the optimized fluorometric procedure, and the results obtained are summarized in Table 1 
Conclusions
In conclusion, we have demonstrated that PQT as a fluorescent probe for the detection of Hg 2+ shows high sensitivity and the fluorescence intensity increases quantitatively with an increase in the Hg 2+ , with a limit of detection of 7.5 nM. PQT has higher selectivity for Hg 2+ than other metal ions. When the other metal ions coexist with Hg, there is no obvious influence on the detection of mercury. The lowest test concentration of Hg 2+ in this assay was 20 nM (0.004 mg/L). This study suggests that the determination of mercury in aquatic plants using the quinolone-thiourea conjugate as a fluorescent probe is viable.
